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Abstract
Changes in bile synthesis by the liver or alterations in the enterohepatic circulation due to a variety
of etiological conditions may represent a novel source of liver disease-specific biomarkers. Bile
from patients with liver diseases exhibited significant changes in the levels of glycine- and
taurine-conjugated bile acids, phospholipids, cholesterol and urea relative to non-liver disease
controls. Cholangiocarcinoma and non-malignant liver diseases (NMLD) showed the most
significant alterations. Further, hepatocellular carcinoma (HCC) could be differentiated from
NMLD (p = 0.02), as well as non-liver disease controls (p = 0.02) based on the amounts of bile
acids, phospholipids and/or cholesterol. HCC also differed with cholangiocarcinoma although not
significantly. Urea increases somewhat in non-malignant liver disease relative to non-liver disease
controls, while the bile acids, phospholipids and cholesterol all decrease significantly. The ratio
between some major bile metabolites also distinguished NMLD (p = 0.004–0.01) from non-liver
disease controls. This snapshot view of bile homeostasis, is obtainable from a simple nuclear
magnetic resonance (NMR) approach and demonstrates the enormous opportunity to assess liver
status, explore biomarkers for high risk diseases such as cancers and improve the understanding of
normal and abnormal cellular functions.
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Introduction
Liver diseases remain a daunting health problem, with primary liver cancer being the most
lethal. Hepatocellular carcinoma (HCC) is the leading cause of gastro-intestinal cancer
deaths [1]. Clinical silence during the early stages has made early diagnosis of HCC highly
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challenging. Unfortunately, late diagnosis parallels high mortality rates because therapeutic
options are limited and less effective. Patients with Hepatitis B and/or Hepatitis C are at
particularly high-risk for the development of cancer. Cancer risk increases with the
development of cirrhosis, implying that there are measurable molecular changes within the
microenvironment of the liver with the progression of underlying liver disease that account
for this increased risk. Targeting such molecular changes has immense potential for early
disease detection. The most information-rich techniques currently employed in small
molecules analyses are nuclear magnetic resonance (NMR) spectroscopy and mass
spectrometry (MS) [2–5]. Recently, application of NMR spectroscopy to the detection of
pancreatic, lung, ovarian, prostate and liver cancers based on small molecules is
demonstrated using urine, blood or tissue samples [6–10].

A few studies have indicated the potential of metabolite detection in bile for assessing
hepatobiliary diseases including cancers of the liver, pancreas and the biliary tract [11–14].
For example, the potential for screening cancer based on the alteration in phospholipid
content in human bile between malignant and non-malignant patients has been recently
reported [14]. Monitoring the concentration of bile acids in human bile is reported to serve
as a reliable indicator for liver function after hepatobiliary resection for biliary cancer [13].
Altered bile cholesterol levels have been implicated in gallstone related problems, including
gallbladder cancer. Increased levels of bile acids in serum have also been reported in liver
disease, indicating the altered physiology of biliary metabolites in patients with liver related
problems [15–20].

Utilizing the fact that a large amount of bile fluid exists in the gallbladder (40–50 mL in
humans), attempts to determine bile metabolites non-invasively using in vivo localized
magnetic resonance spectroscopy have yielded encouraging results [21, 22]. However, so far
no systematic studies have assessed liver diseases based on the measurement of multiple bile
metabolites. Advancements in in vitro studies of bile will also benefit translational research
for exploring clinical applications of bile in vivo. Therefore, methods providing a reliable
snapshot of the major bile metabolites that reflect the global functional status of the liver are
highly desired. From a series of comprehensive NMR studies of bile and its metabolites, we
recently developed simple NMR methodologies for detecting several bile metabolites, such
as individual glycine- and taurine-conjugated bile acids, phospholipids, cholesterol and urea
[23–27]. Among the various bile acids, individual conjugated bile acids such as glycocholic
acid, glycodeoxycholic acid, glycochenodeoxycholic acid, taurocholic acid,
taurodeoxycholic acid and taurochenodeoxycholic acid have been identified,
simultaneously, from a single NMR measurement. With this database of information, we can
now study these major metabolites of liver origin in gallbladder bile from patients with liver
diseases, and, as a result, provide a global view of liver function. Changes in metabolite
profiles due to a variety of etiologies indicate the opportunities for using metabolomics to
assess disease status and obtain better insights into the cellular biochemistry of malignant
and non-malignant liver diseases (NMLD).

Materials and Methods
Chemicals and Bile from Patients

Deuterated dimethylsulfoxide (DMSO), deuterium oxide (D2O), and sodium salt of
trimethylsilylpropionic acid-d4 (TSP) were purchased from Sigma-Aldrich (Milwaukee, WI,
USA).
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Bile Collection
Gallbladder bile was obtained from 44 patients at the time of operation. Of these, 17 were
controls (non-liver disease) which were collected from patients undergoing gallbladder
procedures unrelated to liver disease. Liver diseases include both malignant, HCC (n = 11)
and cholangiocarcinoma (n = 7), and non-malignant (n = 9) diseases. Patient profile and the
sample subsets are shown in Table 1. All bile samples were collected at the commencement
of the case to minimize ischemic changes, if any. A purse string suture was placed in the
fundus of the gallbladder and 10 mL of bile taken via an 18 gauge needle. The bile was
transferred to a 10-mL tube containing sodium azide (with a final concentration of 0.1%).
The specimen was then divided into 1-mL aliquots and stored at –80 °C until analysis. An
Institutional Review Board protocol, approved at both Indiana University School of
Medicine and Purdue University, was in place for the collection, storage, and analysis of
human bile for research purposes.

NMR Experiments
All 1H-NMR experiments were performed on a Bruker Biospin Avance 500 MHz NMR
spectrometer using a 5-mm CHN inverse probehead equipped with shielded z-gradients. The
temperature was kept at 25 °C for all the samples.

Spectral Analysis in Aqueous Medium
Bile solutions were prepared by diluting 100 μL of bile to 600 μL using doubly distilled
water. Amide signals of individual conjugated bile acids are more accurately represented
when the pH of the bile solution is in the range 6 ± 0.5 [23, 26]. Hence, the pH of each bile
solution was brought to this range by the addition of 1–2 μL of 1 N hydrochloric acid. A
reusable co-axial capillary tube containing TSP in D2O was inserted into the NMR tube
before recording 1H-NMR spectra. While D2O served as a field-frequency locking solvent,
TSP served as chemical shift as well as a quantitative reference. We have observed that
individual glycine- and taurine-conjugated bile acids signals are better distinguished when
the coupling of their characteristic amide protons with the attached methylene protons is
removed by decoupling [23]. Hence, one-dimensional 1H spectra were obtained using a one
pulse sequence incorporating both water suppression by presatu-ration and homonuclear
decoupling of the methylene protons. Simultaneous decoupling is achieved with the
decoupling frequency set at 3.65 ppm, which is between the chemical shifts of the
methylene protons of conjugated taurine (3.56 ppm) and conjugated glycine (3.75 ppm).
Typical parameters used were: spectral width 6,400 Hz, time domain data points 32 K, flip
angle 45°, acquisition time 2.5 s, relaxation delay 6 s, number of transients 32, spectrum size
32 K points.

Spectral Analysis in Non-aqueous Medium
Well-resolved NMR signals for the bile metabolites are shown to be obtainable when the
bile is mixed with an organic solvent such as DMSO. Such spectra enable distinct
observation of all major metabolites such as cholesterol, lipids, total bile acids, glycine-
conjugated bile acids, taurine-conjugated bile acids and urea, in addition to other metabolites
using a single experiment [24]. For profiling the metabolites under these conditions, one-
dimensional 1H-NMR experiments were performed: Each bile sample (20 μL) was dissolved
in 500 μL DMSO and loaded into a 5-mm NMR tube. A reusable co-axial capillary
containing the TSP reference was inserted into the NMR tube and 1H spectra were obtained
using a one pulse sequence. As optimized for bile metabolites detection using T1 relaxation
studies, 45° radiofrequency excitation pulse and a recycle delay of 6 s were used to ensure
complete recovery of magnetization of all the bile metabolites as well as the TSP signal
[24].
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Quantitative Analysis of Bile Metabolites
Integral areas of the characteristic peaks of glycine-conjugated bile acids, taurine-conjugated
bile acids, total bile acids, cholesterol, phospholipids and urea were determined for all the
bile samples with reference to the TSP peak area. The bile metabolite concentrations were
calculated by taking into account (1) volume of gallbladder bile used in obtaining the NMR
spectra, (2) concentration of TSP reference, and (3) NMR peak areas and number of protons
that contributed to the measured NMR signals for both metabolites and the reference.
Although a known concentration of TSP solution was used in the capillary tube, its
concentration was further calibrated from a separate 1H-NMR experiment using a secondary
reference solution of glycine. The bile metabolite quantities and their ratios were statistically
compared using the unpaired t test.

Results
Proton NMR spectra of gallbladder bile in liver diseases and controls look qualitatively
similar. However, the intensities of the signals greatly varied with marked differences
visible between different liver diseases and control bile.

Bile in Aqueous Medium
Due to the aggregation of the amphipathic bile metabolites in an aqueous medium, the NMR
signals appear relatively broad (Fig. 1). In addition, cholesterol and bile acids have a very
close structural resemblance, resulting in the overlap of most of the bile acids and
cholesterol signals with one another and with the phospholipid signals. With the aim of
identifying individual metabolites from such complex spectra, we previously developed a
library of bile acid chemical shifts by extensively analyzing one- and two-dimensional
proton and carbon NMR spectra of a large number of unconjugated and glycine- and
taurine-conjugated bile acids [25]. Subsequently, the analysis was extended to gallbladder
bile using 1D- and 2D-NMR experiments at different field strengths (400, 700 and 800
MHz) [23]. This resulted in the detection of six conjugated bile acids in human bile
(glycocholic acid, glycochenodeoxycholic acid, glycodeoxycholic acid, taurocholic acid,
taurochenodeoxycholic acid and taurodeoxycholic acid). In the present study, all six of these
bile acids were invariably detected in the control bile, and the ratio of taurine- to glycine-
conjugated bile acids was observed to be nearly 1:3 (Fig. 2). In both malignant (HCC, CC)
and NMLD liver disease samples, bile acids were reduced, both in their quantity and in
number. Portions of typical spectra of bile from a control, a malignant- and a non-malignant
liver disease are shown in Fig. 2.

Bile in Organic Medium
The use of DMSO as a solvent provides a method for the dispersion of aggregated bile
metabolites. NMR experiments performed for both liver disease and control bile using this
method showed highly resolved signals, and the characteristic peaks for major bile
metabolites such as total bile acids, cholesterol, phospholipids, total glycine-conjugated bile
acids, total taurine-conjugated bile acids and urea are distinctly isolated in the spectra (Fig.
3). Using the integrated areas of the characteristic marker peaks with reference to the TSP
signal at 0.0 ppm, quantities of the major bile metabolites were determined (Table 2). Table
2 also provides data on the standard deviation as well as the results of unpaired t tests among
the malignant and non-malignant liver disease and the controls for each of the measured bile
metabolite. Portions of the bile NMR spectra that highlight altered major bile metabolite
concentrations in different hepatobiliary diseases are shown in Fig. 4.

As shown in Table 2, and summarized in Fig. 5, liver diseases including hepatocellular
cancer and cholangiocarcinoma exhibited significant changes in the levels of phospholipids,
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glycine- and taurine-conjugated bile acids, cholesterol and urea in the bile. Among the liver
diseases, CC and NMLD showed most significant variation relative to the control samples.
In addition, HCC patients could be differentiated from NMLD based on the amounts of
phospholipids (p = 0.02), total bile acids (p = 0.02), glycine-conjugated bile acids (p = 0.03)
and cholesterol (p = 0.02). Even CC could be differentiated somewhat from HCC based on
bile acids (p = 0.06) and phospholipids (p = 0.05), although weakly. The differences in
metabolite concentrations between CC and NMLD were not statistically significant. In
benign liver disease samples (NMLD), the urea levels were increased somewhat relative to
non-liver disease samples with the difference nearly significant (p = 0.06), while the levels
of bile acids, phospholipids, and cholesterol were all significantly decreased (p < 0.0001) in
all cases.

The extent of the reduction of individual bile metabolites in liver diseases varied greatly. For
example, while glycine-conjugated bile acid levels were reduced to very low levels in the
both malignant and NMLD, the reduction in taurine-conjugated bile acids was generally
smaller (Table 2, Fig. 5). To further illustrate such compositional variations in both
malignant and non-malignant diseases, ratios between some major bile metabolites were
compared. As shown in Fig. 6, the ratio of glycine- to taurineconjugated bile acids (Gly/Tau)
and total bile acids to phospholipids (BA/PL) were lower (p = 0.004 and p = 0.01,
respectively), and the ratio of phospholipids to cholesterol (PL/Chol) was higher (p = 0.01)
in NMLD compared to controls.

Discussion
A key to interpreting alterations in bile metabolites for a given liver disease state is the
understanding of the consequences associated with these alterations that would allow us to
identify patients at high risk for disease progression. For example, underlying liver disease is
the most potent correlate to the development of primary liver cancer. However, our ability to
identify which patients with Hepatitis C, NASH or alcoholic cirrhosis are at most risk for the
development of cancer is unknown. To determine the ability of NMR to distinguish between
controls (NLD) and liver disease or liver disease and liver cancer, we evaluated bile from
several unique clinical subsets: controls, patients with underlying liver disease, patients with
identifiable risk factors for cancer, but no cancer at the time of bile collection and high risk
patients who have gone on to develop cancer, with the bile taken after the diagnosis of
cancer was made. All bile was collected at the time of surgery. Control bile was from
patients undergoing surgery for non-liver related problems. Bile from patients with
underlying liver disease includes patients with Hepatitis C, NASH cirrhosis, or alcoholic
cirrhosis.

Bile acids, phospholipids and cholesterol are the major constituents of bile. Bile acids alone
constitute a group of a large number of mainly glycine- and taurine-conjugated derivatives.
Of these, conjugates of chenodeoxycholic acid and cholic acid are the primary bile acids.
Primary bile acids are directly synthesized in the liver from cholesterol. Conjugates of
deoxycholic acids, in contrast, are thought to be the products of bacterial deconjugation
occurring during enterohepatic circulation. This pilot study using 1H-NMR spectroscopy
clearly shows altered bile homeostasis among different liver diseases and controls.
Concentrations of major bile metabolites, including bile acids, are significantly reduced in
liver disease. Importantly, apart from distinguishing from controls based on the homeostatic
changes, the two malignant diseases, HCC and CC could be somewhat differentiated from
each other, although weakly.

Several factors may contribute to the decreases in several major bile metabolites seen in
liver diseases. These factors may include the impairment of bile synthesis and aberrant
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enterohepatic circulation, arising from the obstruction of flow of biliary metabolites due to
the damaged bile ducts. However, the contribution of each effect may also depend on the
nature and/or the severity of the disease process. In the present study, CC and NMLD caused
the highest disturbance, while HCC caused the least. Apart from the reduction in major bile
metabolites in both malignant and NMLD, altered ratios of the metabolites, in some cases to
a significant limit, highlight the specific etiological contributions to the bile metabolites
synthesis/enterohepatic circulation (Fig. 6). Thus, metabolite ratios, together with the
generally decreased absolute concentrations, may have diagnostic value in the management
of different liver diseases. For bile acids, however, the possibility of changes in their
concentrations due to aberrant enterohepatic circulation with no relation to liver function can
not be ruled out.

In liver diseases, aberrations in enterohepatic circulation may also result in accumulation of
bile metabolites in the diseased liver. A recent study on liver tissue using high resolution
magic angle sample spinning NMR spectroscopy has indicated large amounts of bile acids in
liver tumors compared to the non-tumor tissue [10]. Such accumulations of bile acids in the
liver may also cause their elevation in circulating blood. Indeed, bile acids in blood have
been shown to increase in liver disease and their measurement in serum has been reported to
have diagnostic value for liver diseases including liver cancer [15–20]. A drastic reduction
in several conjugated bile acids, some even to an undetectable level (Fig. 2), may indicate
that depending on the nature of cellular damage, one particular conjugated bile acid
synthetic pathway may be favored over the other. Such a difference in the profiles of the
same bile acids between malignant and non-malignant liver disease may potentially serve as
a diagnostic tool for the cancer detection. Moreover, identifying changes in specific
metabolic pathways of bile acid synthesis may have implications for prognosis, similar to
the finding that the patients with liver diseases with serum chenodeoxycholic acid levels
exceeding 15 μmol/L are more likely to die of the disease or need liver transplantation [17].

One of the main functions of the liver is ammonia detoxification. Ammonia produced from
the deamination of amino acids is converted to urea through the urea cycle and excreted
through the kidney. While nearly 50% of urinary solids constitute urea, blood contains only
2.5–7.5 μmol/mL dissolved urea. Using 1H-NMR spectroscopy, we have previously shown
that in a patient with non-functional liver, urea levels decrease drastically in urine [28]. In
bile, we reported the observation of a urea signal using 1H-NMR spectroscopy [24]. In the
present investigation, we used this approach to show somewhat increased urea levels in
benign liver diseases relative to non-liver disease controls (Table 2, Fig. 5). This is in
contrast to other major bile metabolites, which decrease significantly in disease relative to
controls. With the exception of a very old study reporting that urea formation and bile
secretion are related [29], no definite connection between the urea and the major bile
metabolites identified in this study has been documented. It remains to be seen whether the
increased trend of urea levels in NMLD has anything to do with the deconjugation and
deamination of taurine and/or glycine associated with bile acids. Such deconjugation has
long been attributed only to gut bacterial action.

Generally, studies aimed at detecting or understanding pathological conditions are often
based on the measurement of a single metabolite. For example, a decrease in the
concentration of phospholipids is shown to occur in bile from patients with HCC [14],
increased cholesterol levels is shown to cause gallstone diseases, increased urea is an
indicator of malfunction of the liver, and altered individual bile acids levels have been
implicated in several liver diseases. In reality, the biological picture is more complex: liver
synthesizes bile that has cholesterol, phospholipids, urea and several conjugated bile acids as
its major constituents. Observing the status of bile homeostasis through an approach that
detects such multiple metabolites quantitatively and in parallel should provide more reliable
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information on liver status. Analytical methods that enable visualization of these metabolites
in one step thus, have far reaching implications for better understanding the specific cellular
functions associated with bile synthesis and/or enterohepatic circulation under normal and
disease conditions. MS, a highly sensitive analytical method, has been extensively used by a
number of research groups for bile acids analysis and investigating bile acid metabolism
associated with liver disease [30, 31]. A more recent review describes a number of MS
approaches for the quantitative analysis of lipids in intact biological samples [32].
Utilization of such advancements in MS potentially complements and supplements the
analysis of multiple metabolites in human bile using NMR spectroscopy.

Conclusions
This investigation details how changes within the bile can be visualized by use of in vitro
proton magnetic resonance spectroscopy of intact gallbladder bile, a simple approach that
distinctly measures several major bile metabolites simultaneously. This is the first pilot
study that explores variation of several major bile metabolites using a simple one step
analysis NMR method in malignant and non-malignant and, non-liver disease controls.
While serum-based bile acids are shown to increase in liver diseases, this investigation on
bile finds that several major bile metabolites, including bile acids, significantly decrease in
various liver disease states.

Although, the study was conducted on a relatively small number of patients, significant
alterations in the amounts and ratios of several major metabolites potentially indicate the
immense value in the diagnosis of liver diseases. To assess changes in the bile metabolites
more accurately, we performed studies in bile after diluting and adjusting the pH or by
dissolving in an organic medium. However, several major bile metabolites such as
phospholipids, glycine-conjugated bile acids and taurine-conjugated bile acids can be
detected in intact bile with reasonably good accuracy. These metabolites can be subjected to
automated analysis using a software package when high throughput analysis is required.

In this study, the concentrations of bile metabolites were determined with no consideration
of the differences in gall bladder bile concentration, if any. Studies that take into account
such differences may further improve the classification of patients. Use of normalization
approaches for the gallbladder bile data, when proved meaningful, and/or measurement of
biliary drainage from the liver, would strengthen the findings of this study, provide better
insights into the bile metabolic profile, and possibly open avenues for clinical applications.

Further, high sensitivity of bile homeostasis to liver function/disease combined with the high
concentrations of major bile metabolites in gallbladder makes it convenient to assess bile
using in vitro 1H-NMR spectroscopy and, this may possibly provide avenues for
translational research in detecting and following their dynamic variations in clinical settings
using non-invasive in vivo magnetic resonance spectroscopy.
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Fig. 1.
1H-NMR spectrum of a representative gallbladder bile from non-liver disease controls (n =
17) (100 μL bile diluted to 600 μL) obtained at 500 MHz

Gowda et al. Page 10

Lipids. Author manuscript; available in PMC 2013 December 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Portions of the 1H-NMR spectra for representative gallbladder bile from a control (non-liver
disease, n = 17) and liver disease patients (malignant; n = 18) and non-malignant n = 9). One
or more bile acids in the liver disease are significantly reduced or completely missing as
shown in the figure
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Fig. 3.
1H-NMR spectrum of a representative gallbladder bile from non-liver disease controls (n =
17), dissolved in an organic solvent (20 μL bile dissolved in 500 μL DMSO) obtained at 500
MHz. Characteristic marker signals for all major bile components are distinctly isolated,
thus enabling their quantitation in a single step
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Fig. 4.
Portions of typical 1H-NMR spectra of gallbladder bile from liver diseases along with a non-
liver disease control (n = 17). All spectra are plotted with identical scales for direct
comparison of the relative individual metabolite quantities. HCC hepatocellular carcinoma
(n = 11), HEPC hepatitis C (n = 3), CHLC choledochal cyst (n = 1), CC cholangiocarcinoma
(n = 7), NC cirrhosis due to non-alcoholic steatohepatitis (n = 1), AC alcoholic cirrhosis (n =
3), PSC primary sclerosing cholangitis (n = 1)
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Fig. 5.
Comparison of differences in metabolite concentration in hepatocellular carcinoma (HCC, n
= 11), cholangiocarcinoma (CC, n = 7), non-malignant liver diseases (NMLD, n = 9) and
non-liver disease controls (NLD, n = 17)
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Fig. 6.
Comparison of the ratios between some major bile metabolites in different patient groups
(HCC, n = 11; CC, n = 7; NMLD, n = 9 and NLD, n = 17). BA/Chol total bile acids to
cholesterol ratio, BA/PL total bile acids to phospholipids ratio, PL/Chol phospholipids to
cholesterol ratio, Gly/Tau glycine- to taurine-conjugated bile acids ratio. The errors are
expressed as standard deviations. The p values between any two groups of patients,
wherever significant are indicated
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Table 1

Patient profile

Patients Number Gender Mean age (years)

Liver disease (malignant) Hepatocellular carcinoma (HCC) 11 7 male, 4 female 56.8

Cholangio-carcinoma (CC) 7 5 male, 2 female 52.7

Liver disease (non-malignant) Alcoholic cirrhosis (AC) 3 3 male 50.3

Hepatitis C (HEPC) 3 2 male, 1 female 52.3

Non-alcoholic steatohepatitis cirrhosis (NASH) 1 1 female 60

Choledochal cyst (CHLC) 1 1 male 31

Primary sclerosing cholangitis (PSC) 1 1 female 24

Non-liver disease (controls) With gallstone 8 1 male, 7 female 39.8

Without gallstone 5 2 male, 3 female 41.2

Biliary dyskinesia 2 2 female 56.5

Colorectal cancer 2 1 male, 1 female 52.5
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